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Abstract: Hypertension in adolescents is associated with adverse cardiac and vascular events. In
addition to lowering blood pressure, it is not clear whether pharmacological therapy in early life can
improve vascular remodeling. This study aimed to evaluate the effects of long-term administration
of losartan, aspirin, and atorvastatin on vascular remodeling in juvenile spontaneously hypertensive
rats (SHRs). Losartan, aspirin, and atorvastatin were administered via gavage at doses of 20, 10,
and 10 mg/kg/day, respectively, on SHRs aged 6–22 weeks. Paraffin sections of the blood vessels
were stained with hematoxylin-eosin (H&E) and Sirius Red to evaluate the changes in the vascular
structure and the accumulation of different types of collagen. The plasma levels of renin, angiotensin
II (Ang II), aldosterone (ALD), endothelin-1 (ET-1), interleukin-6 (IL-6), and neutrophil elastase
(NE) were determined using ELISA kits. After the 16-week treatment with losartan, aspirin, and
atorvastatin, the wall thickness of the thoracic aorta and carotid artery decreased. The integrity of the
elastic fibers in the tunica media was maintained in an orderly manner, and collagen deposition in
the adventitia was retarded. The plasma levels of renin, ALD, ET-1, IL-6, and NE in the SHRs also
decreased. These findings suggest that losartan, aspirin, and atorvastatin could improve vascular
remodeling beyond their antihypertensive, anti-inflammatory, and lipid-lowering effects. Many
aspects of the protection provided by pharmacological therapy are important for the prevention of
cardiovascular diseases in adults and older adults.
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1. Introduction

Hypertension in childhood and adolescence is associated with adverse cardiac changes
and vascular damage, which are consequently associated with premature cardiovascular
diseases in adulthood [1]. Vascular remodeling is one of the major pathological changes in
cardiovascular diseases in myriad adolescents [2]. Under normal physiological conditions,
vascular remodeling is an adaptive process that responds to hemodynamic alterations and
maintains blood pressure stability. However, permanent vascular remodeling aggravates
the narrowing of the vascular lumen and the thickening of the vessel wall [3]. In addition,
these unfavorable structural changes contribute to the development of greater arterial
stiffness, accompanied by changes in the structure and composition of elastic fibers and
collagen [4–6]. Moreover, changes in the structure and functional abnormalities of the
conduit arteries may lead to the maintenance of hypertension and impairment of the heart,
brain, and kidneys, as well as other secondary adverse events [3]. In fact, the characteristic
remodeling associated with hypertension is difficult to reverse [3]. For example, layered
elastic laminae are produced only from the fetus to early childhood. When the elastic
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laminae are formed, the genetic program required to produce elastic fibers is permanently
silenced [7]. Therefore, early treatment of hypertension in children and adolescents is
of paramount importance for the prevention of premature cardiovascular diseases. In
addition to lowering blood pressure, therapeutic strategies targeting the vascular structure
and function should be seriously considered.

Pharmacological therapy is necessary for children and adolescents who remain hy-
pertensive despite compliance with lifestyle modifications [8]. Losartan, aspirin, and
atorvastatin are first-line drugs for cardiovascular diseases. Patients with cardiovascular
diseases, including children with hypertension, usually take these three drugs for long-term
medication. So, it is particularly significant to study their effects on vascular. Losartan not
only significantly reduces the blood pressure of hypertensive patients but also improves
aortic stiffness [9–12]. Low-dose aspirin is recommended by various guidelines for the pri-
mary prevention of cardiovascular disease [13–16], Aspirin can suppress platelet activation
and aggregation and is beneficial to reduce aortic stiffness in hypertensive patients [17–19].
Atorvastatin exerts beneficial cardiovascular effects supported by experimental and clinical
evidence [20,21]. It is worth noting that atorvastatin can improve the arteriosclerosis associ-
ated with many diseases, such as hypertension, hyperlipidemia, long-term kidney disease,
and type 2 diabetes [22–25].

Although some studies have shown that these drugs improve vascular structure and
function in vivo and in vitro models [26–28], more evidence depending on lower doses and
various animal models is still worth exploring.

Spontaneously hypertensive rats (SHRs) are widely used as animal models for es-
sential hypertension and vascular lesions. From adolescence to adulthood, the blood
pressure of SHRs gradually increases, and the arteries remodeling including vascular wall
thickening and wall-to-lumen increase, which have also been observed in patients with
hypertension [29]. Therefore, this study administrated SHRs aged from 6 to 22 weeks to
explore the effects of long-term administration of losartan, aspirin, and atorvastatin on the
vascular structure.

2. Results
2.1. Effects of Losartan, Aspirin, and Atorvastatin on the Arterial Vessel Structure
2.1.1. Histological Observation of the Thoracic Aorta

Compared with those of the Wistar Kyoto rats (WKY) group, the thoracic aortas of
the SHR-Model (SHR-M) group showed a significant increase in the wall thickness (WT),
wall-to-lumen ratio (WLR), and inner diameter (ID) (Figure 1A); simultaneously, the topical
vessel tunica intima thickened. The vascular smooth muscle cells (VSMCs) in the WKY
group were characterized by a thin structure and a long spindle shape and were regularly
aligned as concentric circles. Meanwhile, the VSMCs in the SHR-M group were unregularly
arranged, and the morphology of some VSMCs changed, with a double nucleus (Figure 1B).
The number of VSMCs increased significantly in the SHR-M group compared with that in
the WKY group (p < 0.01). The wall of the thoracic aortas was significantly thinner; the WLR
of the thoracic aortas was significantly lower (p < 0.05); the total number of VSMCs in tunica
media was significantly smaller (p < 0.05); and the arrangement of the VSMCs was more
regular in the SHR-Losartan (SHR-Los), SHR-Aspirin (SHR-Asp), and SHR-Atorvastatin
(SHR-Ato) groups than in the SHR-M groups (Shown in Figure 1).

2.1.2. Histological Observation of the Carotid Artery

As shown in Figure 2, the changes in the WT (tunica media), WLR, and VSMCs
parameters in the carotid arteries between the WKY and SHR-M groups were similar to
those in the thoracic aorta. The WT, WLR, and total number of VSMCs in tunica media in
the SHR-Los, SHR-Asp, and SHR-Ato groups markedly decreased compared with those in
the SHR-M group (p < 0.05). The ID of the WKY group was larger than that of the SHR-M
group; however, there was no significant difference between the groups.



Molecules 2023, 28, 1844 3 of 16Molecules 2023, 28, x FOR PEER REVIEW 3 of 17 
 

 

 

 

Figure 1. The histological morphological changes in thoracic aorta in each group (22 weeks rats). 

(A) H&E stain in cross section of thoracic aortas. (scale bar = 300 μm); (B) magnified images of A 

(scale bar = 50 μm); (C) wall thickness (WT), wall-to-lumen ratio (WLR), inner diameter (ID) and 

number of VSMCs (VSMC) in tunica media, respectively. The data are presented as the mean ± SD. 

n = 6, #p < 0.05, ##p < 0.01 vs. WKY; *p < 0.05, **p< 0.01 vs. SHR-M. 
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Figure 1. The histological morphological changes in thoracic aorta in each group (22 weeks rats).
(A) H&E stain in cross section of thoracic aortas. (scale bar = 300 µm); (B) magnified images of (A)
(scale bar = 50 µm); (C) wall thickness (WT), wall-to-lumen ratio (WLR), inner diameter (ID) and
number of VSMCs (VSMC) in tunica media, respectively. The data are presented as the mean ± SD.
n = 6, ## p < 0.01 vs. WKY; * p < 0.05, ** p < 0.01 vs. SHR-M.

2.2. Effects of Losartan, Aspirin, and Atorvastatin on the Distribution of Elastin

As shown in Figure 3, the elastic fiber layer exhibited strong red autofluorescence.
The elastic fiber layers of the thoracic aortas (A and B) and carotid arteries (C and D) were
arranged in an orderly manner in the WKY group, with few fractures, and there were
few links across the layers. The elastin fiber layers in the SHR-M group were arranged
disorderly, with more fractures, significantly more links across the layers, and weaker
fluorescence, compared with those in the WKY group. The elastin fiber layers in the
SHR-Los, SHR-Asp, and SHR-Ato groups were arranged in a more orderly fashion, with
fewer fractures and links across layers, than those in the SHR-M group (p < 0.01).

2.3. Distribution of Collagen Fibers
2.3.1. Thoracic Aorta

As shown in Figure 4A,B, collagen fibers stained with Sirius Red appeared red under
a bright field microscope, while the adventitia appeared high-intensity red. The proportion
of collagen fibers in the tunica media of the SHR-M group increased significantly compared
with that of the WKY group (p < 0.05); the proportion in the three treatment groups
decreased compared with that in the SHR-M group. Figure 4C demonstrates the different
types of collagen fibers in the vascular wall under a polarized light microscope. Collagen I
appeared strongly orange–red or bright red, while collagen III appeared green. There was
no significant difference in the proportions of collagen I and III in each group.



Molecules 2023, 28, 1844 4 of 16Molecules 2023, 28, x FOR PEER REVIEW 4 of 17 
 

 

 

 

Figure 2. The histological morphological changes in carotid aorta in each group (22 weeks rats). (A) 
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bar = 100 μm); (C) wall thickness (WT), wall-to-lumen ratio (WLR), inner diameter (ID), and number 

of VSMCs (VSMC) in tunica media, respectively. The data are presented as the mean ± SD. n = 6, ##p 

< 0.01 vs. WKY; *p < 0.05, **p < 0.01 vs. SHR-M. 

2.2. Effects of Losartan, Aspirin, and Atorvastatin on the Distribution of Elastin 

As shown in Figure 3, the elastic fiber layer exhibited strong red autofluorescence. 

The elastic fiber layers of the thoracic aortas (A and B) and carotid arteries (C and D) were 

arranged in an orderly manner in the WKY group, with few fractures, and there were few 

links across the layers. The elastin fiber layers in the SHR-M group were arranged disor-

derly, with more fractures, significantly more links across the layers, and weaker fluores-

cence, compared with those in the WKY group. The elastin fiber layers in the SHR-Los, 

SHR-Asp, and SHR-Ato groups were arranged in a more orderly fashion, with fewer frac-

tures and links across layers, than those in the SHR-M group (p < 0.01). 

Figure 2. The histological morphological changes in carotid aorta in each group (22 weeks rats).
(A) H&E stain in cross section of carotid aortas. (scale bar = 200 µm); (B) magnified images of (A)
(scale bar = 100 µm); (C) wall thickness (WT), wall-to-lumen ratio (WLR), inner diameter (ID), and
number of VSMCs (VSMC) in tunica media, respectively. The data are presented as the mean ± SD.
n = 6, ## p < 0.01 vs. WKY; * p < 0.05, ** p < 0.01 vs. SHR-M.

2.3.2. Carotid Artery

Similar to the images shown in Figure 4, those shown in Figure 5A,B were obtained
under a bright field microscope, and those shown in Figure 5C were collected under a
polarized light microscope. The proportion of collagen fibers in the SHR-M group was
higher than that in the WKY group, while the proportion in the SHR-Los, SHR-Asp, and
SHR-Ato groups was lower than that in the SHR-M group (Figure 5D). As illustrated in
Figure 5C, the proportion of collagen III (green) in the SHR-M group was lower than that
in the WKY group. The proportion of collagen III in the three treatment groups was higher
than that in the SHR-M group.

2.4. Effects of Losartan, Aspirin, and Atorvastatin on the Plasma Levels of Renin, Angiotensin II
(Ang II), and Aldosterone (ALD)

As shown in Figure 6, the plasma levels of renin, Ang II, and ALD in the SHR-M group
were significantly higher than those in the WKY group (p < 0.01). Compared with those in
the SHR-M group, the renin and ALD levels were obviously reduced in the three treatment
groups (p < 0.05). The Ang II level in the SHR-Asp and SHR-Ato groups was slightly lower
than that in the SHR-M group. Meanwhile, the Ang II level in the SHR-Los group was
higher than that in the SHR-M group (p < 0.05).
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Figure 3. Thoracic aortas (A,B) or carotid arteries (C,D) elastin by H&E stain under fluorescence
microscope showed intense red autofluorescence (22 weeks rats). (B,D) are enlarged views of (A,C),
respectively (A: scale bar = 300 µm; B: scale bar = 50 µm; C: scale bar = 200 µm; D: scale bar = 50 µm);
(E) counts of link across elastin fiber layers in thoracic aortas; (F) counts of link across elastin fiber
layers in carotid arteries. The data are presented as the mean ± SD. n = 6, ## p < 0.01 vs. WKY;
** p < 0.01 vs. SHR-M.
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Figure 4. The distribution of collagen fibers in cross sections of thoracic aortas (22 weeks rats).
(A) Sirius Red stain of collagen fibers under optical microscope (scale bar = 300 µm); (B) magnified
images of (A) (scale bar = 100 µm); (C) Sirius Red stain of collagen I and collagen III under polarized
light microscopy, collagen I was bright red or strong orange–red, and collagen III was green (scale
bar = 100 µm); (D) the percentage of collagen fibers in thoracic aortas. The data are presented as the
mean ± SD. n = 6, # p < 0.05, vs. WKY.
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Figure 5. The distribution of collagen in cross sections of carotid arteries (22 weeks rats).
(A) Sirius Red stain of collagen under optical microscope (scale bar = 200 µm); (B) magnified im-
ages of (A) (scale bar = 100 µm); (C) Sirius Red stain of collagen I and collagen III under polar-
ized light microscopy, collagen I was bright red or strong orange–red, and collagen III was green
(scale bar = 100 µm); (D) the percentage of collagen fibers in carotid arteries. The data are presented
as the mean ± SD. n = 6.



Molecules 2023, 28, 1844 8 of 16

Molecules 2023, 28, x FOR PEER REVIEW 8 of 17 
 

 

 

Figure 5. The distribution of collagen in cross sections of carotid arteries (22 weeks rats). (A) Sirius 

Red stain of collagen under optical microscope (scale bar = 200 μm); (B) magnified images of A (scale 

bar = 100 μm); (C) Sirius Red stain of collagen I and collagen III under polarized light microscopy, 

collagen I was bright red or strong orange–red, and collagen III was green (scale bar = 100 μm); (D) 

the percentage of collagen fibers in carotid arteries. The data are presented as the mean ± SD. n = 6. 

2.4. Effects of Losartan, Aspirin, and Atorvastatin on the Plasma Levels of Renin, Angiotensin II 

(Ang II), and Aldosterone (ALD) 

As shown in Figure 6, the plasma levels of renin, Ang II, and ALD in the SHR-M 

group were significantly higher than those in the WKY group (p < 0.01). Compared with 

those in the SHR-M group, the renin and ALD levels were obviously reduced in the three 

treatment groups (p < 0.05). The Ang II level in the SHR-Asp and SHR-Ato groups was 

slightly lower than that in the SHR-M group. Meanwhile, the Ang II level in the SHR-Los 

group was higher than that in the SHR-M group (p < 0.05). 

 

Figure 6. Effects of losartan, aspirin, and atorvastatin on the plasma contents of renin(A), Ang II(B), 

and ALD(C) in 22 weeks rats. The data are presented as the mean ± SD. n = 6, ##p < 0.01 vs. WKY; *p 

< 0.05, **p < 0.01 vs. SHR-M. 

2.5. Effects of Losartan, Aspirin, and Atorvastatin on the Plasma Levels of Endothelin-1 (ET-1), 

Neutrophil Elastase (NE), and Interleukin-6 (IL-6) 

As shown in Figure 7A, the plasma level of ET-1 was the highest in the SHR-M group; 

the level in the SHR-Asp and SHR-Ato groups was significantly lower than that in the 

SHR-M group (p < 0.05). As exhibited in Figure 7B, C, compared with those in the WKY 

group, the plasma levels of NE and IL-6 in the SHR-M group increased. As shown in 

Figure 6. Effects of losartan, aspirin, and atorvastatin on the plasma contents of renin (A), Ang II (B),
and ALD (C) in 22 weeks rats. The data are presented as the mean ± SD. n = 6, ## p < 0.01 vs. WKY;
* p < 0.05, ** p < 0.01 vs. SHR-M.

2.5. Effects of Losartan, Aspirin, and Atorvastatin on the Plasma Levels of Endothelin-1 (ET-1),
Neutrophil Elastase (NE), and Interleukin-6 (IL-6)

As shown in Figure 7A, the plasma level of ET-1 was the highest in the SHR-M group;
the level in the SHR-Asp and SHR-Ato groups was significantly lower than that in the
SHR-M group (p < 0.05). As exhibited in Figure 7B,C, compared with those in the WKY
group, the plasma levels of NE and IL-6 in the SHR-M group increased. As shown in
Figure 7B, losartan, aspirin, and atorvastatin markedly reduced the NE levels (p < 0.05).
Meanwhile, the IL-6 level in the SHR-Los, SHR-Asp, and SHR-Ato groups was significantly
lower than that in the SHR-M group (p < 0.01).
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3. Discussion

Juvenile hypertension tends to lead to adverse cardiovascular events in adulthood.
Vascular remodeling occurs in youth and adults with hypertension and is associated
with the development of hypertension-related complications. SHRs have been used as
animal models of human essential hypertension in more than 17,000 studies since they
were bred from WKY rats by Okamoto in 1963 [30,31]. Currently, this strain rat is far
from being a model of hypertension but is a more extensive model of arteriosclerosis,
cardiac hypertrophy, and cerebrovascular diseases. The occurrence and development of
these diseases are associated with vascular remodeling. If hypertension is not managed
in adolescents, it can continue into adulthood and old age. Therefore, in our study, five-
week-old SHRs whose blood pressure rises gradually were selected as the animal model for
adolescents hypertension [32], and losartan, aspirin, and atorvastatin were administered at
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the age of 6 weeks. After long-term intervention, the effects on vascular remodeling were
observed at the age of 22 weeks.

Blood pressure represents hemodynamic conditions and is one of the most commonly
monitored clinical parameters for therapeutic decisions. In our study, losartan can sig-
nificantly reduce systolic blood pressure (SBP) and diastolic blood pressure (DBP), but
long-term administration of aspirin and atorvastatin has no significant effect on systolic
and diastolic blood pressure in spontaneously hypertensive rats (the blood pressure of
SHR rats aged 6–18 weeks (dosing 0–12 weeks) has been published in Dong et al., 2023,
Molecules [33], and blood pressure of 22 weeks was included in the Supplementary Ma-
terials). Blood pressure regulation is a complex physiologic function that depends on the
integrated actions of multiple cardiovascular, renal, neural, endocrine, and local tissue
control systems [34]. One of the reasons may be that only losartan has an effect on the gut
microbiota, while the other two did not [33]. Although aspirin and atorvastatin can improve
vascular remodeling, that is not enough to bring an obvious blood pressure change. Just
as aging of vascular in the elderly is accompanied by the appearance of arterial stiffness,
only a proportion of them also suffer from hypertension. Nonetheless, our research found
that long-term administration of losartan, aspirin, and atorvastatin in the early stages of
hypertension may improve vascular remodeling and reduce arteriosclerosis in hypertensive
rats, although aspirin and atorvastatin have no strong antihypertensive effects.

Vascular remodeling is characterized by VSMC proliferation and hypertrophy, vessel
wall thickening, and increased WLR. Herein, the thoracic aortas (large artery) and carotid
arteries (middle artery) of rats at the age of 22 weeks were observed using blood vessel
parameters. ID parameter of thoracic aortas in SHR-M was larger than that in WKY,
indicating outward remodeling, but carotid arteries in SHR-M did not show obvious
outward or inward inclination. The WT, WLR, and number of VSMCs in the three treatment
groups were significantly lower than those in the SHR-M group; these parameters were the
lowest in the SHR-Los group. These findings indicate that losartan, aspirin, and atorvastatin
could improve both large and middle vascular remodeling and that lowering the blood
pressure of losartan yields the best effect.

The noncellular components of the vascular wall determine vessel elasticity and stiff-
ness. Elastin and collagen fibers constitute the primary components of the arteries. In
healthy and young rats, elastic fibers are in the medial layer of the conduit arteries and
arranged in concentric fenestrated elastic lamellae. However, elastin fibers are prone to
fragmentation, and their orderly arrangement gradually disappears in cases of arterial
stiffness and hypertension [35]. The points across the elastic fiber layers reflect the rear-
rangement. Our analyses demonstrated that the numbers across the elastic fiber layers in
the SHR-M group increased, and the autofluorescence of the elastic fibers in some SHR-M
rats was weak, indicating that the elastin content decreased. However, the elastic fibers
both in the thoracic aortas and carotid arteries of the SHR-Los, SHR-Asp, and SHR-Ato
groups were arranged in more order than those of the SHR-M group. These results indicate
that losartan, aspirin, and atorvastatin alleviated the fracture and degeneration of elastic
fibers, which is beneficial for maintaining vascular elasticity.

The degeneration of elastic fibers is accompanied by the accumulation of collagen,
resulting in arterial stiffness and vascular wall thickening [36]. Our experiment showed
that the proportion of collagen in the aortas and carotid arteries of the SHR-Los, SHR-Asp,
and SHR-Ato groups was lower than that of the SHR-M group, implying that the stiffening
of the blood vessels was retarded after treatment. The collagen of the vascular wall is
mainly types I and III collagen. Collagen I is thicker and harder, which is related to the
rigidity of the arterial wall. Collagen III is thinner, more ductile, and elastic, which is
related to the compliance of the arteries [37]. We found that there was more collagen III
proportion in the carotid arteries of the SHR-Los, SHR-Asp, and SHR-Ato groups than in
those of the SHR-M group, which reflected better compliance of the middle arteries in the
three treatment groups.
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In addition to VSMCs, endothelial cells are involved in vascular remodeling. ET-1 is
primarily secreted by endothelial cells. It interacts with ET-1 receptors located in VSMCs
to induce continuous local vasoconstriction [38]. The levels of ET-1 increase in many
hypertension cases. ET-1 also plays a pro-inflammatory role and induces vascular-related
injury. In addition, it activates the renin–angiotensin–aldosterone system (RAAS) and
sympathetic nervous system [39]. Herein, the plasma level of ET-1 in the SHR-Los, SHR-
Asp, and SHR-Ato groups was lower than that in the SHR-M group, which demonstrated
that the three drugs improved the function of vascular endothelial cells and end-organs in
the SHRs to some extent. The ET-1 level did not significantly decrease in the SHR-Los group
compared with that in the SHR-M group, suggesting that the inhibition of vasoconstriction
in the SHR-Los group was mainly attributed to the blockade of the Ang II type 1 receptor.

The RAAS is one of the most important hormone systems that regulate blood pressure,
body fluid volume, and sodium–potassium balance. Its disorder plays an important role in
the development and maintenance of hypertension [40]. An increase in Ang II production
activates the RAAS and yields a strong vasoconstrictive effect. Ang II is associated with
vascular remodeling because it mediates VSMC proliferation and extracellular matrix
synthesis. In addition, it can lead to endothelial cell damage through inflammation and
blood coagulation, which promote vascular remodeling [41]. In this experiment, the renin
and ALD levels decreased in the three treatment groups. The Ang II level of the SHR-Asp
and SHR-Ato groups was similar to that of the SHR-M group. However, it was higher
in the SHR-Los group than in the SHR-M group. This might be a compensatory increase
attributed to the blockage of the Ang II type 1 receptor by losartan. Interestingly, the
increase in the Ang II level was not consistent with the decrease in the renin and ALD
levels in the RAAS after losartan administration. The RAAS includes two pathways:
the angiotensin-converting enzyme I-angiotensin II type 1 receptor and the angiotensin-
converting enzyme II-Mas receptor axes [42]. We speculated that angiotensin-converting
enzyme I might be expressed at higher levels in SHRs and the highest levels in SHR-Los rats.
This could explain why aspirin and atorvastatin improved vascular remodeling, although
they did not have a strong antihypertensive effect.

Accordingly, the proliferation and phenotypic transformation of smooth muscle cells
or imbalance in the RAAS ultimately affects the changes in blood pressure and vascular
remodeling, which are related to inflammation. It is well known that hypertension and car-
diovascular diseases are accompanied by a state of long-term low-level inflammation [43].
Therefore, we evaluated two inflammatory factors implicated in cardiovascular diseases.
IL-6 plays an important role in inflammation and can regulate the development of a variety
of diseases, including hypertension and other cardiovascular diseases [44]. The blood levels
of IL-6 in patients with hypertension are higher, and an increase in the levels of IL-6 is
related to vasoconstriction and remodeling [45–48]. NE is primarily passively released or
actively secreted from neutrophils. Plasma NE plays an important role in both acute and
chronic inflammatory diseases [49]. Previous studies have proven that increases in the NE
level are related to endothelial injury, arterial stiffness, elevated blood pressure (formerly
known as “pre-hypertension”), and hypertension [50]. In our study, losartan, aspirin, and
atorvastatin reduced the plasma levels of IL-6 and NE in the SHRs, suggesting that the
three drugs achieved the same efficacy in improving vascular remodeling and decreasing
inflammatory levels, although via different active mechanisms.

Losartan was reported by several clinical observations to improve arterial stiff-
ness [12,51–54], other antihypertensive drugs alone or in combination also show similar
effects [55], and it seems that this effect is attributed to blood pressure reduction. However,
improving arterial stiffness of losartan could not be entirely due to its blood pressure
reduction. De Cavanagh et al. find that losartan protects high dietary salt–hypertension
rats from vascular oxidative stress, exceeding the benefits of blood pressure reduction,
and vascular oxidative stress in salt overload condition is relevant to angiotensin receptor
1 activation [26]. In addition, several studies report losartan attenuates expression of TGF-β
activators in a mouse model of Marfan syndrome [56], and improves connective tissue
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abnormalities in systemic sclerosis [57], which could involve in gene expression of metallo-
proteinases, fibrillin-1 and COL1A1 in SMAD4 mutations causing Myhre syndrome [58].
The findings with respect to losartan also could explain the prominent effect on improving
vascular remodeling in our study.

Basically, aspirin is a cyclooxygenase inhibitor as an anti-inflammatory agent, can
block the production of prostaglandins and thromboxanes, and hence inhibit platelet ac-
tivation and its cascade reactions. It has gradually found several other applications [59],
especially primary prevention of cardiovascular events in many counties [60]. After a
number of long-term clinical observations, weak evidence for the benefit of cardiovas-
cular disease prevention as well as the potential for harm from bleeding have led to a
review of the rational use of aspirin, and a dose of less than 100 mg/d also is taken into
account to achieve the best balance between benefit and risk [60]. Therefore, it is more
meaningful to study low-dose aspirin, which is effective while reducing other risks. We,
therefore, chose a dose of 10 mg/kg/day, at which improvement in vascular remodeling
provided data to support the benefits of low-dose aspirin. Although aspirin has been
comprehensively used in populations, comparatively, its clinical reports about arterial
stiffness are not too many [19,61,62], and none of them involve mechanism explanation.
It is taken for granted anti-platelet effect duo to direct correlation of platelet activation
with arterial stiffness [63–65]. Recently, several studies propose that the effect of aspirin on
improving arterial stiffness is independent of anti-platelet. That could involve suppress-
ing HIF-1α/TGF-β1/Smads/Snail signaling pathway [66], and collagen production [67].
However, cyclooxygenase-2 also is the key factor with arterial stiffness [68–71], so, the
effects of aspirin on vascular remodeling are attributed to pleiotropic actions.

Several clinical observations reported the effects of atorvastatin on arterial stiffness
in various populations [24,72,73]. Although various statins improve arterial stiffness [22],
however, it seems beneficial vascular protection of atorvastatin is at least partly independent
of lowing cholesterol. Firstly, atorvastatin improves carotid–femoral pulse wave velocity
(PWV) in non-hyperlipidemia patients, including type 2 diabetes [25], coronary artery
disease [74], systemic lupus erythematosus [75], chronic kidney disease [76]. Secondly, ator-
vastatin also decreases C-reactive protein (hsCRP) and osteoprotegerin (OPG) [25], vascular
endothelial grow factor (VEGF), and sVCAM-1, as well as increases C3 complement [75].
Atorvastatin could improve vascular remodeling in Ang II induced hypertensive rats via
the elimination of oxidative stress and elevating endothelial function [77]. Another study
found that the vascular remodeling improvement of atorvastatin is associated with a reduc-
tion of pro-inflammatory cytokines levels [27]. One in vitro study shows tumor necrosis
factor-alpha (TNF-α) and interleukin-1alpha (IL-1α) induce fibroblast, atorvastatin could
inhibit matrix metalloproteinase (MMP)-1, 3, 9 release and collagen degradation [78]. The
above findings indicate that atorvastatin exerts pleiotropic effects, and greatly supports our
cognition with respect to atorvastatin anti-inflammation.

4. Materials and Methods
4.1. Drugs and Reagents

Losartan, aspirin, and atorvastatin were purchased from Merck Sharp & Dohme Co.,
Ltd. (Cramlington, UK), Bayer Healthcare (Beijing, China) Co., Ltd. (Beijing, China), and
Pfizer Pharmaceutical Co., Ltd. (New York, NY, USA), respectively. Ang II, renin, ET-1,
IL-6, and NE ELISA kits were obtained from Cusabio Technology Co., Ltd. (Wuhan, China).
ALD ELISA kits were obtained from Shanghai Enzyme-linked Biotechnology Co., Ltd.
(Shanghai, China).

4.2. Animal Experiments and Design

Six-week-old male SHRs (130–150 g) and five-week-old male Wistar Kyoto (WKY) rats
(130–150 g) were obtained from Charles River, Inc (Beijing, China, SCXK (Jing) 2016-0006).
All animals were housed under controlled light (12 h/12 h light–dark cycle), humidity
55% ± 5% and temperature 22.1 ◦C ± 0.5 ◦C with free access to water and standard chow.
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There was one week of adaptive feeding before the formal experiment. All experimen-
tal procedures were approved by the Biological and Medical Ethics Committee, Minzu
University of China (approval No. ECMU201807).

A total of 32 SHRs were divided into 4 groups: SHR-M (double-distilled water), SHR-
Losartan (SHR-Los, 20 mg/kg/day) [79], SHR-Aspirin (SHR-Asp, 10 mg/kg/day) [80],
and SHR-Atorvastatin (SHR-Ato, 10 mg/kg/day) [81]. All these drugs were dispersed in
double-distilled water and were administrated daily to SHRs via oral gavage for 16 weeks.
WKY rats were treated with double-distilled water as normotensive controls.

4.3. Histological Morphology of Arterial Vessels

The thoracic aortas and the carotid arteries of rats were dissected and then fixed in
4% paraformaldehyde over 24 h. Fixed tissue was embedded in paraffin, sectioned (3 µm),
and stained with H&E. An image acquisition system (Aerio CS2, Leica, Wetzlar, Germany)
was used for scanning histological morphology. Wall thickness (WT) and inner diameter
(ID) were measured by Image Scope version 12.1.

4.4. Vascular Collagen and Elastin

To compare the difference in vascular collagen content between groups, the tissue
sections were stained with Sirius Red. Sections were deparaffinized and hydrated to
distilled water. Then, sections were placed in Sirius Red solution for 8 min followed by
dehydration and mounting. Sirius Red dye is strongly acidic and easy to combine with basic
groups in collagen molecules. Collagen fibers were stained a red–orange color and observed
by an image acquisition system (Aerio CS2, Leica, Germany). Image Pro Plus version 7.0
was used to calculate the percentage of collagen fibers in tunica media. Sirius Red bonds
with collagen fibers, which makes collagen fibers produce obvious birefringence. Under
the polarizing microscope (DM2700P, Leica, Germany; polarization angle is 90 degrees),
through the characteristics of enhanced birefringence light, type I and III collagen fibers
show different colors, and type I collagen fibers show red–orange red; type III collagen
fibers are green.

Autofluorescence of elastic fibers in tissue sections stained H&E was recorded with
excitation wavelength at 460 nm–550 nm (Olympus 1 × 2 UCB) [32,82].

4.5. Assay of Renin, Ang II, ALD, ET-1, NE, and IL-6 Levels in Plasma

All rats were deeply anesthetized using 2% pentobarbital sodium (30 mg/kg) at rats
22 weeks old. Blood was collected from the abdominal aorta into a blood collection tube
containing EDTA·K2, then centrifuged at 4000 r/min for 20 min at 4 ◦C as soon as possible,
the plasma was collected and stored at −80 ◦C, immediately. Commercial ELISA kits were
used to measure the level of renin, Ang II, ALD [83], ET-1, NE, and IL-6 in plasma according
to their manufacturer’s instructions. ELISA test was completed within 48 h.

4.6. Statistical Analyses

Statistical analyses were conducted using SPSS Statistics 19 software. Differences
between groups were performed using a one-way analysis of variance (ANOVA), followed
by an LSD post hoc test. Comparisons between the 5 groups in this study were presented
as mean ± standard deviation (SD). A value of p < 0.05 was considered significant.

5. Conclusions

This study demonstrated that the administration of losartan, aspirin, and atorvastatin
at juvenile ages reduced vascular remodeling in adulthood among the SHRs. The common
mechanism involves mitigating the ET-1 and inflammatory marker levels; however, it does
not have direct relevance to Ang II. These results also inspire that low dose administration
of aspirin or atorvastatin in comprehensive patients suffering cardiovascular diseases could
maintain vascular elasticity structure in the premise of ensuring safety



Molecules 2023, 28, 1844 13 of 16

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28041844/s1, Figure S1: Blood pressure changes after admin-
istration in each group.

Author Contributions: Conceptualization, D.Z.; funding acquisition, D.Z.; investigation, Q.L., S.D.,
X.Z., Y.Z., B.D., J.S. and K.Y.; project administration, L.L.; supervision, L.L.; writing—original draft,
Q.L.; writing—review and editing, Q.L., L.L. and D.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by the National Key Research and Development Program of
China (No. 2017YFC1704006), the National Natural Science Foundation of China (81673694), and the
Independent Scientific Research Project of Minzu University of China (No. BBZZKY-2020042).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Biological and Medical Ethics Committee, Minzu University of
China (protocol code: ECMU201807 and date of approval: 2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. Anyaegbu, E.I.; Dharnidharka, V.R. Hypertension in the teenager. Pediatr. Clin. North. Am. 2014, 61, 131–151. [CrossRef]
2. Khoury, M.; Urbina, E.M. Cardiac and vascular target organ damage in pediatric hypertension. Front. Pediatr. 2018, 6, 148.

[CrossRef]
3. Humphrey, J.D. Mechanisms of vascular remodeling in hypertension. Am. J. Hypertens. 2021, 34, 432–441. [CrossRef]
4. Zhou, T.L.; Henry, R.M.A.; Stehouwer, C.D.A.; van Sloten, T.T.; Reesink, K.D.; Kroon, A.A. Blood pressure variability, arterial

stiffness, and arterial remodeling. Hypertension 2018, 72, 1002–1010. [CrossRef]
5. Mitchell, G.F. Arterial Stiffness and Hypertension. Hypertension 2014, 64, 13–18. [CrossRef]
6. Zieman, S.J.; Melenovsky, V.; Kass, D.A. Mechanisms, pathophysiology, and therapy of arterial stiffness. Arter. Thromb. Vasc. Biol.

2005, 25, 932–943. [CrossRef]
7. Ott, C.E.; Grunhagen, J.; Jager, M.; Horbelt, D.; Schwill, S.; Kallenbach, K.; Guo, G.; Manke, T.; Knaus, P.; Mundlos, S.; et al.

MicroRNAs differentially expressed in postnatal aortic development downregulate elastin via 3’ UTR and coding-sequence
binding sites. PLoS ONE. 2011, 6, e16250. [CrossRef]

8. Flynn, J.T.; Kaelber, D.C.; Baker-Smith, C.M.; Blowey, D.; Carroll, A.E.; Daniels, S.R.; De Ferranti, S.D.; Dionne, J.M.; Falkner, B.;
Flinn, S.K.; et al. Clinical practice guideline for screening and management of high blood pressure in children and adolescents.
Pediatrics 2017, 140, e20171904. [CrossRef]

9. Williams, B.; Mancia, G.; Spiering, W.; Agabiti Rosei, E.; Azizi, M.; Burnier, M.; Clement, D.L.; Coca, A.; de Simone, G.;
Dominiczak, A.; et al. 2018 ESC/ESH Guidelines for the management of arterial hypertension. Eur. Heart J. 2018, 39, 3021–3104.
[CrossRef]

10. Xu, F.C.; Mao, C.P.; Hu, Y.L.; Rui, C.; Xu, Z.; Zhang, L.B. Cardiovascular effects of losartan and its relevant clinical application.
Curr. Med. Chem. 2009, 16, 3841–3857. [CrossRef]

11. Khoury, M.; Urbina, E.M. Hypertension in adolescents: Diagnosis, treatment, and implications. Lancet Child Adolesc. Health 2021,
5, 357–366. [CrossRef] [PubMed]

12. Zhang, Z.M.; Wang, B.X.; Ou, W.S.; Lv, Y.H.; Li, M.M.; Miao, Z.; Wang, S.X.; Fei, J.C.; Guo, T. Administration of losartan improves
aortic arterial stiffness and reduces the occurrence of acute coronary syndrome in aged patients with essential hypertension.
J. Cell Biochem. 2019, 120, 5713–5721. [CrossRef] [PubMed]

13. British Cardiac Society; British Hypertension Society; Diabetes UK; HEART UK; Primary Care Cardiovascular Society; Stroke
Association. JBS 2: Joint British Societies’ guidelines on prevention of cardiovascular disease in clinical practice. Heart 2005, 91,
51–52. [CrossRef]

14. Graham, I.; Atar, D.; Borch-Johnsen, K.; Boysen, G.; Burell, G.; Cifkova, R.; Dallongeville, J.; Backer, G.D.; Ebrahim, S.;
Gjelsvik, B.; et al. Fourth joint taskforce of the european society of cardiology and other societies on cardiovascular disease
prevention in clinical practice. European guidelines on cardiovascular disease prevention in clinical practice: Full text. Eur. J.
Cardio. Prev. Rehab. 2007, 14, S1–S113. [CrossRef] [PubMed]

15. Dehmer, S.P.; Maciosek, M.V.; Flottemesch, T.J.; LaFrance, A.B.; Whitlock, E.P. Aspirin for the primary prevention of cardiovascular
disease and colorectal cancer: A decision analysis for the U.S. preventive services task force. Ann Intern. Med. 2016, 164, 777–786.
[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/molecules28041844/s1
https://www.mdpi.com/article/10.3390/molecules28041844/s1
http://doi.org/10.1016/j.pcl.2013.09.011
http://doi.org/10.3389/fped.2018.00148
http://doi.org/10.1093/ajh/hpaa195
http://doi.org/10.1161/HYPERTENSIONAHA.118.11325
http://doi.org/10.1161/HYPERTENSIONAHA.114.00921
http://doi.org/10.1161/01.ATV.0000160548.78317.29
http://doi.org/10.1371/journal.pone.0016250
http://doi.org/10.1542/peds.2017-1904
http://doi.org/10.1093/eurheartj/ehy339
http://doi.org/10.2174/092986709789178046
http://doi.org/10.1016/S2352-4642(20)30344-8
http://www.ncbi.nlm.nih.gov/pubmed/33711291
http://doi.org/10.1002/jcb.27856
http://www.ncbi.nlm.nih.gov/pubmed/30362602
http://doi.org/10.1136/hrt.2005.079988
http://doi.org/10.1097/01.hjr.0000277983.23934.c9
http://www.ncbi.nlm.nih.gov/pubmed/17726407
http://doi.org/10.7326/M15-2129
http://www.ncbi.nlm.nih.gov/pubmed/27064573


Molecules 2023, 28, 1844 14 of 16

16. Memic Sancar, K.; Celik, O.; Cil, C.; Karaarslan, O.; Dogan, T.; Yetim, M.; Asoglu, R.; Celik, Y.; Kalkan, S.; Demirci, E.; et al.
An evaluation of aspirin treatment preferences original investigation of physicians in hypertensive patients in terms of current
guidelines: A subgroup analysis of the ASSOS Trial in Turkey. Anatol. J. Cardiol. 2022, 26, 260–268. [CrossRef]

17. Dzeshka, M.S.; Shantsila, A.; Lip, G.Y. Effects of aspirin on endothelial function and hypertension. Curr. Hypertens. Rep. 2016,
18, 83. [CrossRef]

18. Patrono, C.; Baigent, C. Role of aspirin in primary prevention of cardiovascular disease. Nat. Rev. Cardiol. 2019, 16, 675–686.
[CrossRef] [PubMed]

19. Pietri, P.; Vlachopoulos, C.; Terentes-Printzios, D.; Xaplanteris, P.; Aznaouridis, K.; Petrocheilou, K.; Stefanadis, C. Beneficial
effects of low-dose aspirin on aortic stiffness in hypertensive patients. Vasc. Med. 2014, 19, 452–457. [CrossRef] [PubMed]

20. Yamada, Y.; Takeuchi, S.; Yoneda, M.; Ito, S.; Sano, Y.; Nagasawa, K.; Matsuura, N.; Uchinaka, A.; Murohara, T.; Nagata, K.
Atorvastatin reduces cardiac and adipose tissue inflammation in rats with metabolic syndrome. Int. J. Cardiol. 2017, 240, 332–338.
[CrossRef]

21. Wang, C.Y.; Liu, P.Y.; Liao, J.K. Pleiotropic effects of statin therapy: Molecular mechanisms and clinical results. Trends. Mol. Med.
2008, 14, 37–44. [CrossRef]

22. Upala, S.; Wirunsawanya, K.; Jaruvongvanich, V.; Sanguankeo, A. Effects of statin therapy on arterial stiffness: A systematic
review and meta-analysis of randomized controlled trial. Int. J. Cardiol. 2017, 227, 338–341. [CrossRef] [PubMed]

23. Kanaki, A.I.; Sarafidis, P.A.; Georgianos, P.I.; Kanavos, K.; Tziolas, I.M.; Zebekakis, P.E.; Lasaridis, A.N. Effects of low-dose
atorvastatin on arterial stiffness and central aortic pressure augmentation in patients with hypertension and hypercholesterolemia.
Am. J. Hypertens. 2013, 26, 608–616. [CrossRef] [PubMed]

24. Fassett, R.; Robertson, I.; Ball, M.; Geraghty, D.; Sharman, J.; Coombes, J. Effects of atorvastatin on arterial stiffness in chronic
kidney disease: A randomized controlled trial. J. Atheroscler. Thromb. 2010, 17, 235–241. [CrossRef] [PubMed]

25. Davenport, C.; Ashley, D.T.; O’Sullivan, E.P.; McHenry, C.M.; Agha, A.; Thompson, C.J.; O’Gorman, D.J.; Smith, D. The effects of
atorvastatin on arterial stiffness in male patients with type 2 diabetes. J. Diabetes Res. 2015, 2015, 846807. [CrossRef]

26. de Cavanagh, E.M.; Ferder, L.F.; Ferder, M.D.; Stella, I.Y.; Toblli, J.E.; Inserra, F. Vascular structure and oxidative stress in
salt-loaded spontaneously hypertensive rats: Effects of losartan and atenolol. Am. J. Hypertens. 2010, 23, 1318–1325. [CrossRef]

27. Carvalho, K.; Ferreira, A.A.M.; Barbosa, N.C.; Alves, J.V.; Costa, R.M.D. Atorvastatin attenuates vascular remodeling in mice with
metabolic syndrome. Arq. Bras. Cardiol. 2021, 117, 737–747. [CrossRef]

28. Sung, J.Y.; Choi, H.C. Aspirin-induced AMP-activated protein kinase activation regulates the proliferation of vascular smooth
muscle cells from spontaneously hypertensive rats. Biochem. Biophys. Res. Commun. 2011, 408, 312–317. [CrossRef]

29. Heagerty, A.M.; Heerkens, E.H.; Izzard, A.S. Small artery structure and function in hypertension. J. Cell. Mol. Med. 2010, 14,
1037–1043. [CrossRef]

30. Okamoto, K.; Aoki, K. Development of a strain of spontaneously hypertension rats. Jpn. Circ. J. 1963, 27, 282–293. [CrossRef]
31. Bakker, E.N.; Groma, G.; Spijkers, L.J.; de Vos, J.; van Weert, A.; van Veen, H.; Everts, V.; Arribas, S.M.; VanBavel, E. Heterogeneity

in arterial remodeling among sublines of spontaneously hypertensive rats. PLoS ONE 2014, 9, e107998. [CrossRef] [PubMed]
32. Romier, B.; Dray, C.; Vanalderwiert, L.; Wahart, A.; Hocine, T.; Dortignac, A.; Garbar, C.; Garbar, C.; Boulagnon, C.; Bouland, N.

Apelin expression deficiency in mice contributes to vascular stiffening by extracellular matrix remodeling of the aortic wall. Sci.
Rep. 2021, 11, 22278. [CrossRef]

33. Dong, S.; Liu, Q.; Zhou, X.; Zhao, Y.B.; Dong, B.; Shen, J.; Yang, K.; Li, L.S.; Zhu, D. Effects of Losartan, Atorvastatin, and Aspirin
on Blood Pressure and Gut Microbiota in Spontaneously Hypertensive Rats. Molecules 2023, 28, 612. [CrossRef]

34. Hall, J.E.; Granger, J.P.; do Carmo, J.M.; da Silva, A.A.; Dubinion, J.; George, E.; Hamza, S.; Speed, J.; Hall, M.E. Hypertension:
Physiology and pathophysiology. Compr. Physiol. 2012, 2, 2393–2442. [CrossRef]

35. Arribas, S.M.; Hinek, A.; Gonzalez, M.C. Elastic fibres and vascular structure in hypertension. Pharmacol. Ther. 2006, 111, 771–791.
[CrossRef]

36. Adeva-Andany, M.M.; Adeva-Contreras, L.; Fernandez-Fernandez, C.; Gonzalez-Lucan, M.; Funcasta-Calderon, R. Elastic tissue
disruption is a major pathogenic factor to human vascular disease. Mol. Biol. Rep. 2021, 48, 4865–4878. [CrossRef] [PubMed]

37. Wang, M.; Monticone, R.E.; McGraw, K.R. Proinflammation, profibrosis, and arterial aging. Aging Med. 2020, 3, 159–168.
[CrossRef] [PubMed]

38. Horinouchi, T.; Terada, K.; Higashi, T.; Miwa, S. Endothelin receptor signaling: New insight into its regulatory mechanisms.
J. Pharmacol. Sci. 2013, 123, 85–101. [CrossRef]

39. Palacios-Ramírez, R.; Hernanz, R.; Martín, A.; Pérez-Girón, J.V.; Barrús, M.T.; González-Carnicero, Z.; Aguado, A.; Jaisser, F.;
Briones, A.M.; Salaices, M. Pioglitazone modulates the vascular contractility in hypertension by interference with ET-1 pathway.
Sci. Rep. 2019, 9, 16461. [CrossRef]

40. Te Riet, L.; van Esch, J.H.; Roks, A.J.; van den Meiracker, A.H.; Danser, A.H. Hypertension: Renin-angiotensin-aldosterone system
alterations. Circ. Res. 2015, 116, 960–975. [CrossRef]

41. Pacurari, M.; Kafoury, R.; Tchounwou, P.B.; Ndebele, K. The renin-angiotensin-aldosterone system in vascular inflammation and
remodeling. Int. J. Inflam. 2014, 2014, 689360. [CrossRef] [PubMed]

42. Uijl, E.; Ren, L.; Mirabito Colafella, K.M.; van Veghel, R.; Garrelds, I.M.; Domenig, O.; Poglitsch, M.; Zlatev, I.; Kim, J.B.; Huang, S.
No evidence for brain renin-angiotensin system activation during DOCA-salt hypertension. Clin. Sci. (Lond) 2021, 135, 259–274.
[CrossRef] [PubMed]

http://doi.org/10.5152/AnatolJCardiol.2021.541
http://doi.org/10.1007/s11906-016-0688-8
http://doi.org/10.1038/s41569-019-0225-y
http://www.ncbi.nlm.nih.gov/pubmed/31243390
http://doi.org/10.1177/1358863X14556695
http://www.ncbi.nlm.nih.gov/pubmed/25362110
http://doi.org/10.1016/j.ijcard.2017.04.103
http://doi.org/10.1016/j.molmed.2007.11.004
http://doi.org/10.1016/j.ijcard.2016.11.073
http://www.ncbi.nlm.nih.gov/pubmed/27839806
http://doi.org/10.1093/ajh/hps098
http://www.ncbi.nlm.nih.gov/pubmed/23449607
http://doi.org/10.5551/jat.2683
http://www.ncbi.nlm.nih.gov/pubmed/20032570
http://doi.org/10.1155/2015/846807
http://doi.org/10.1038/ajh.2010.167
http://doi.org/10.36660/abc.20200322
http://doi.org/10.1016/j.bbrc.2011.04.027
http://doi.org/10.1111/j.1582-4934.2010.01080.x
http://doi.org/10.1253/jcj.27.282
http://doi.org/10.1371/journal.pone.0107998
http://www.ncbi.nlm.nih.gov/pubmed/25251068
http://doi.org/10.1038/s41598-021-01735-z
http://doi.org/10.3390/molecules28020612
http://doi.org/10.1002/cphy.c110058
http://doi.org/10.1016/j.pharmthera.2005.12.003
http://doi.org/10.1007/s11033-021-06478-8
http://www.ncbi.nlm.nih.gov/pubmed/34129188
http://doi.org/10.1002/agm2.12099
http://www.ncbi.nlm.nih.gov/pubmed/33103036
http://doi.org/10.1254/jphs.13R02CR
http://doi.org/10.1038/s41598-019-52839-6
http://doi.org/10.1161/CIRCRESAHA.116.303587
http://doi.org/10.1155/2014/689360
http://www.ncbi.nlm.nih.gov/pubmed/24804145
http://doi.org/10.1042/CS20201239
http://www.ncbi.nlm.nih.gov/pubmed/33404046


Molecules 2023, 28, 1844 15 of 16

43. Golia, E.; Limongelli, G.; Natale, F.; Fimiani, F.; Maddaloni, V.; Pariggiano, I.; Bianchi, R.; Crisci, M.; D’Acierno, L.; Giordano, R.
Inflammation and cardiovascular disease: From pathogenesis to therapeutic target. Curr. Atheroscler. Rep. 2014, 16, 435. [CrossRef]
[PubMed]

44. Yuan, S.M. Interleukin-6 and cardiac operations. Eur. Cytokine Netw. 2018, 29, 1–15. [CrossRef]
45. Tyrrell, D.J.; Goldstein, D.R. Ageing and atherosclerosis: Vascular intrinsic and extrinsic factors and potential role of IL-6. Nat.

Rev. Cardiol. 2021, 18, 58–68. [CrossRef]
46. Steiner, M.K.; Syrkina, O.L.; Kolliputi, N.; Mark, E.J.; Hales, C.A.; Waxman, A.B. Interleukin-6 overexpression induces pulmonary

hypertension. Circ. Res. 2009, 104, 236–244. [CrossRef] [PubMed]
47. Iversen, P.O.; Nicolaysen, A.; Kvernebo, K.; Benestad, H.B.; Nicolaysen, G. Human cytokines modulate arterial vascular tone via

endothelial receptors. Pflug. Arch. 1999, 439, 93–100. [CrossRef]
48. Empana, J.P.; Jouven, X.; Canoui-Poitrine, F.; Luc, G.; Tafflet, M.; Haas, B.; Arveiler, D.; Ferrieres, J.; Ruidavets, J.B.; Montaye, M.

C-reactive protein, interleukin 6, fibrinogen and risk of sudden death in European middle-aged men: The PRIME study. Arte-
rioscler. Thromb. Vasc. Biol. 2010, 30, 2047–2052. [CrossRef]

49. Döring, G. The Role of neutrophil elastase in chronic inflammation. Am. J. Respir. Crit. Care Med. 1994, 150, S114–S117. [CrossRef]
50. McCarthy, C.G.; Saha, P.; Golonka, R.M.; Wenceslau, C.F.; Joe, B.; Vijay-Kumar, M. Innate immune cells and hypertension:

Neutrophils and neutrophil extracellular traps (NETs). Compr. Physiol. 2021, 11, 1575–1589. [CrossRef]
51. Gismondi, R.A.; Oigman, W.; Bedirian, R.; Pozzobon, C.R.; Ladeira, M.C.; Neves, M.F. Comparison of benazepril and losartan on

endothelial function and vascular stiffness in patients with Type 2 diabetes mellitus and hypertension: A randomized controlled
trial. J. Renin Angiotensin Aldosterone Syst. 2015, 16, 967–974. [CrossRef] [PubMed]

52. Ichihara, A.; Hayashi, M.; Kaneshiro, Y.; Takemitsu, T.; Homma, K.; Kanno, Y.; Yoshizawa, M.; Furukawa, T.; Takenaka, T.;
Saruta, T. Low doses of losartan and trandolapril improve arterial stiffness in hemodialysis patients. Am. J. Kidney Dis. 2005, 45,
866–874. [CrossRef] [PubMed]

53. Park, J.B.; Intengan, H.D.; Schiffrin, E.L. Reduction of resistance artery stiffness by treatment with the AT(1)-receptor antagonist
losartan in essential hypertension. J. Renin Angiotensin Aldosterone Syst. 2000, 1, 40–45. [CrossRef] [PubMed]

54. Rehman, A.; Ismail, S.B.; Naing, L.; Roshan, T.M.; Rahman, A.R. Reduction in arterial stiffness with angiotensin II antagonism
and converting enzyme inhibition. A comparative study among malay hypertensive subjects with a known genetic profile. Am. J.
Hypertens. 2007, 20, 184–189. [CrossRef]

55. Jatic, Z.; Skopljak, A.; Hebibovic, S.; Sukalo, A.; Rustempasic, E.; Valjevac, A. Effects of different antihypertensive drug
combinations on blood pressure and arterial stiffness. Med. Arch. 2019, 73, 157–162. [CrossRef]

56. Habashi, J.P.; Judge, D.P.; Holm, T.M.; Cohn, R.D.; Loeys, B.L.; Cooper, T.K.; Myers, L.; Klein, E.C.; Liu, G.; Calvi, C.; et al. Losartan,
an AT1 antagonist, prevents aortic aneurysm in a mouse model of Marfan syndrome. Science. 2006, 7, 117–121. [CrossRef]

57. Hughes, M.; Ong, V.H.; Anderson, M.E.; Hall, F.; Moinzadeh, P.; Griffiths, B.; Baildam, E.; Denton, C.P.; Herrick, A.L. Consensus
best practice pathway of the UK Scleroderma Study Group: Digital vasculopathy in systemic sclerosis. Rheumatology 2015, 54,
2015–2024. [CrossRef]

58. Piccolo, P.; Mithbaokar, P.; Sabatino, V.; Tolmie, J.; Melis, D.; Schiaffino, M.C.; Filocamo, M.; Andria, G.; Brunetti-Pierri, N. SMAD4
mutations causing Myhre syndrome result in disorganization of extracellular matrix improved by losartan. Eur. J. Hum. Genet.
2014, 22, 988–994. [CrossRef]
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